Assembly of nanoparticles into superlattices or mesocrystals is a promising pathway to produce nanostructured materials with tunable properties.^[@ref1]−[@ref4]^ Superlattices that display not only a long-range translational order but also atomic coherence, *i.e.*, mesocrystals, are materials with unique properties that are attractive for optoelectronic and biomedical applications.^[@ref5]−[@ref9]^ Assembly of polyhedral nanocrystals into structurally diverse mesocrystals is controlled by the composition, size, and shape of the nanoparticles and the conditions during assembly.^[@ref5]−[@ref7]^ Several methods are used to assemble nanoparticles, with the evaporation-driven increase of the particle concentration being the most widely used.^[@ref10]−[@ref12]^

Significant advances in the synthesis of nanoparticles with well-defined sizes and shapes and optimization of the assembly conditions have generated superlattices and mesocrystals with an impressive structural diversity.^[@ref1],[@ref13],[@ref14]^ Investigations on how defects evolve and how they influence and modulate the structure and properties of self-assembled superlattices have, however, been less frequent and limited to studies on close-packed arrays of spheres. For instance, studies on colloidal crystals of micron-sized spheres have shown that defects such as vacancies, dislocations, and grain boundaries can generate nonlinear stress fields that affect the mechanical properties of the ordered assemblies.^[@ref15]^ Schall *et al.* used laser diffraction microscopy in combination with nanoindentation to probe the stress-induced nucleation and dynamics of dislocations in face-centered cubic (fcc) colloidal crystals.^[@ref16],[@ref17]^ It has also been shown that premelting, *i.e.*, melting of colloidal crystals below the bulk melting temperature, occurs at grain boundaries and dislocations.^[@ref18]^ Studies on defects in superlattices of several hundred nanometer large spherical particles have shown that stacking faults of fcc and hexagonal close-packed opals can influence the photonic band structure,^[@ref19]^ and anisotropic strain can break the lattice symmetry and induce a transition from an fcc to a monoclinic opal phase, which allows formerly forbidden scattering peaks to appear.^[@ref20]^

*Ex situ* electron microscopy has been used to probe various types of defects in CdSe nanorod liquid crystals grown at the interphase of a subphase,^[@ref21]^ in solution^[@ref22],[@ref23]^ or on a substrate^[@ref24]^ and in thin quasicrystalline and periodic, binary superlattices of spherical particles that were grown on a carbon substrate.^[@ref25],[@ref26]^ Mayence *et al.* used 3D small-angle electron diffraction tomography to show stacking faults in spherical Pd nanoparticle superlattices and made analogies to dislocations in close-packed metals.^[@ref27]^ Time-resolved small-angle X-ray scattering (SAXS) and grazing-incidence SAXS (GISAXS) have previously mainly been used to give insight into the structural evolution of mesocrystals.^[@ref10],[@ref13],[@ref28],[@ref29]^ Mirkin and co-workers showed in a SAXS study that annealing DNA-capped gold nanoparticle superlattices close to their melting temperature resulted in a reduction of the microstrain and increased domain size.^[@ref30]^ Probing defects in superlattices of anisotropic nanoparticles in real time, which display shape-dependent properties and produce superlattices with a much larger structural diversity than spherical nanoparticles,^[@ref31]^ is unexplored.

Here, we have used SAXS to study the temporal evolution of strain and structure during evaporation-induced self-assembly of superparamagnetic magnetite nanocubes (NCs) with edge lengths of 6.8 nm (NC068) and 9.1 nm (NC091) in an evaporating levitating droplet. We used the Gualtieri equation^[@ref32]^ to estimate the nucleation and crystal growth rate and showed that the assembly of the NCs in the shrinking levitating drop is diffusion-controlled. Analysis of the time-resolved SAXS data by the Williamson--Hall (WH) method^[@ref33]^ showed that lattice contraction and infrequent size mismatch resulted in an increasing isotropic strain during the mesocrystal growth stage. The crystal strain became more anisotropic and resulted in the formation of dislocations toward the end of mesocrystal growth.

Results and Discussion {#sec2}
======================

We used time-resolved SAXS to follow the formation and growth of mesocrystals of superparamagnetic magnetite NCs by evaporation-driven self-assembly in a levitating drop that slowly shrinks as the solvent evaporates ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref34]^ We used an acoustic levitator ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) to trap a colloidal droplet between two pressure nodes of an acoustic standing wave that is created between a sonotrode and a reflector ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), which allows mesocrystal formation to be investigated in a substrate-free environment.^[@ref35]−[@ref37]^ The colloidal dispersions contained oleic-acid-capped, truncated magnetite NCs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)) with edge lengths of 6.8 (NC068) or 9.1 nm (NC091). The NCs were dispersed in a 3:1 toluene/decane mixture at a concentration of 3 mg~magnetite~ mL^--1^. The relatively slow evaporation of the toluene/decane mixture, which is significantly slower than pure toluene,^[@ref34]^ in combination with the high time resolution of the SAXS instrument (ID02, ESRF), allowed us to probe and analyze in detail the evolution of size and strain during the different stages of mesocrystal formation and growth.

![Schematic overview of the experimental setup and representative time-resolved SAXS data. (a) Experimental setup showing the acoustic levitator, a microscope camera, the incoming X-ray beam, and the scattered X-ray beam, which was detected simultaneously by a wide-angle X-ray scattering (WAXS) and a SAXS detector. (b) High-resolution transmission electron microscopy images of NC068 and NC091 (scale bars = 5 nm) and schematic illustration and images of the shrinking droplet levitated between two pressure nodes of the standing ultrasonic wave (blue curve). (c) Excerpt of time-resolved SAXS data showing the different stages of mesocrystallization of iron oxide NCs with edge lengths of 6.8 nm (NC068). The crystallization process consists of three stages, where the NCs are in dispersed (purple), clustered (red), and crystalline states (blue). SAXS data of assembled mesocrystals (MC) of (d) NC068 (MC~NC068~) and (e) NC091 (MC~NC091~).The orange lines indicate the peak positions of a simple cubic superlattice, and the purple lines correspond to the peak positions of a face centered cubic structure.](nn9b07820_0001){#fig1}

The intensity *I*(*q*) of X-rays scattered at a small angle relate to the structural properties of the nanoparticles and the interaction and correlation between them, which is commonly formalized as the product of the form factor *P*(*q*) and the structure factor *S*(*q*); *I*(*q*) = *P*(*q*)*S*(*q*). The SAXS patterns of dilute dispersions of NC068 and NC091 displayed only form factor contributions to the scattered intensity, suggesting that the NCs were well-dispersed and did not form aggregates at low particle concentrations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, purple curves). The nanocube sizes and polydispersities were estimated by fitting a cubic model to the form factor, giving values of 6.8 ± 0.3 nm for NC068 and 9.1 ± 0.5 nm for NC091 ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)), which corresponds very well to the edge lengths measured with transmission electron microscopy.^[@ref10],[@ref11]^ The deviation from the cuboidal model at low scattering angles in the SAXS patterns measured in the levitating drops at times exceeding 1180 and 800 s for the NC068 and NC091 dispersions, respectively, indicates that clusters were formed in the shrinking levitating drops ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, red curves). The absence of any structural peaks suggests that the NC clusters were disordered. Increasing the particle concentration by the evaporation-driven shrinkage of the levitating droplet eventually resulted in the formation of NC assemblies with both positional and orientational long-range order, *i.e.*, mesocrystals (MCs), as indicated by the sharp diffraction peaks in the small-angle (low *q*) regime ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, blue curves). The structural 100 peak of the mesocrystal was first observed after 1294 and 910 s for MC~NC068~ and MC~NC091~, respectively. In the following discussion, the time for the first observation of a structural peak, *i.e.*, when mesocrystals are first formed, will be designated as *t*~MC~.

Indexing the reflections in the small-angle regime showed that both NC068 and NC091 crystallized in a simple cubic (SC) structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d,e). The mesocrystal MC~NC068~, however, exhibited a second crystal phase, where the NCs also assembled into an fcc structure. The SC phase appeared to be dominant based upon the more well-pronounced peaks compared to the fcc phase and the fact that the structural 100 peak of the SC lattice was observed first. The lattice parameter *a*~SC~ of the SC structures of MC~NC068~ and MC~NC091~ were *a*~SC,MC~NC068~~ = 10.8 nm and *a*~SC,MC~NC091~~ = 12.9 nm, which corresponds well to the edge length of the constituent NCs, including the oleic acid length of 2 nm^[@ref38]^ bound to each nanocube facet in a face-to-face orientation of the NCs. For the fcc structure of the mesocrystals MC~NC068~, we found *a*~fcc,MC~NC068~~ = 16.0 nm.

The partial scattering invariant *Q*\*, obtained from the integral over 0.035 \< *q* \< 3.74 nm^--1^, increased with increasing volume fraction of the NCs in the shrinking droplet ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Similar to previous studies on the assembly in shrinking levitating drops,^[@ref34]^ we observed a maximum and subsequent decrease of *Q*\* with time. The time when *Q*\* reaches its maximum value corresponds well to *t*~MC~, *i.e.*, the time when the first structural peaks appeared ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The subsequent decrease of *Q*\* suggests that the nanoparticle volume fraction decreased in the irradiated volume of the shrinking droplet, which may be attributed to an accumulation of mesocrystals at the liquid--air interface.^[@ref34]^ The critical volume fractions of the NCs at *t*~MC~ could be estimated from the initial particle concentration and the droplet size and were ϕ~C,NC068~ = 0.171 ± 0.003 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) and ϕ~C,NC091~ = 0.066 ± 0.008 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), respectively. The higher volume fraction necessary to initiate the formation of mesocrystals of the smaller NCs (NC068) compared to the larger NC091 corresponds to smaller average interparticle center-to-center distances for the beginning of mesocrystal formation of 19.5 nm for NC068 compared to 33.5 nm for NC091. The self-assembly process is a two-step process where the formation of ordered mesocrystals is preceded by clustering, as reported previously and discussed in more detail later. The average center-to-center distances between two nanocubes at the time when clustering was observed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, red curves) are about 24.5 and 39 nm for NC068 and NC091, respectively ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)). The lower center-to-center distance necessary to induce clustering and crystallization for the smaller nanocubes can be attributed to the weaker interparticle van der Waals interactions.

![Partial scattering invariant *Q*\* (red circles) and volume fraction of iron oxide ϕ~NC~ (blue squares) during evaporation-driven self-assembly of (a) NC068 and (b) NC091. The vertical black line indicates the beginning of mesocrystal formation, *t*~MC~.](nn9b07820_0002){#fig2}

We used the WH method to probe the temporal evolution of the size of the growing mesocrystals and the defect-induced strain within the mesocrystals during self-assembly.^[@ref33]^ Williamson and Hall assumed the peak width to be a sum of the contributions from microstrain and crystallite size in the formHere, *q*~C~ is the peak position in reciprocal space, *D* is the mean crystal size, *K* is a shape factor, which is given a value of 0.9, and ε is the apparent strain defined as ε = Δ*d*/*d̅*, where Δ*d* is the distribution of interplanar spacings, and *d̅* is the average interplanar spacing. The peak width, *w*, is defined as the full width at half-maximum. In order to determine *w* and *q*~C~, we fitted the structural reflections of the SC structures of MC~NC068~ and MC~NC091~ with pseudo-Voigt functions of the form *y* = *y*~0~ + *A*\[μ*L*(*x*) + (1 -- μ)*G*(*x*)\], where *y*~0~ is the baseline, *A* the amplitude, and *L*(*x*) and *G*(*x*) represent the Lorentzian and Gaussian parts of the function with their corresponding fractions μ and (1 -- μ), respectively. Plotting *w* against *q*~C~ should result in a linear relationship according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, where the microstrain and the crystallite size are related to the slope and the intercept with the ordinate, respectively.

We have also evaluated crystal growth using the Gualtieri equation, which treats the increase of a fraction α of a crystalline phase as a combination of nucleation and crystal growth:^[@ref32]^where *a* is the reciprocal of the nucleation rate constant, *k*~N~ = 1/*a*, *b* is a parameter related to the mechanism of nucleation, *k*~g~ is the crystal growth rate constant, and the exponent *n* is related to the dimension of crystal growth. The probability *P*~N~ that a number of nuclei *N* are formed at a time *t* -- *t*~MC~ is described by

During the early growth stage for MC~NC068~, the WH plots of the *h*00 and *h*1*l* reflections displayed an overlapping linear behavior ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), which indicates isotropic microstrain and crystallite dimensions. The linear fits of the *h*00 and the *h*1*l* peaks in the WH plot differed significantly for the first time about 96 s after structural peaks first appeared ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Due to the lack of well-pronounced higher orders of the *h*1*l* reflections (110, 111, 210, 211; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), a precise statement of the crystallite dimensions and microstrain along any other specific direction than ⟨100⟩ is not possible; thus, these four reflections are considered together using the notation *h*1*l*. The different slopes of the linear fits of the *h*00 and the *h*1*l* peaks indicate anisotropic strain, and the difference increased as the mesocrystals grew ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). Typical defects known to induce anisotropic peak broadening in crystals are edge and screw dislocations.^[@ref39]^ The difference in the slopes of the linear fits (solid and dashed line in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c) indicate that microstrain is lower along the ⟨100⟩ direction compared to the ⟨*h*1*l*⟩ direction. Further, the *h*11 (111, 211) peaks were separated from the *h*10 peaks (110, 210) in the WH plot ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c), indicating different strain and size along these directions.

![Williamson--Hall analysis of time-resolved SAXS patterns of growing mesocrystals: (a--c) MC~NC068~ (red squares) and (d--f) MC~NC091~ (blue circles). The *h*00 and *h*1*l* reflections are displayed as filled and empty symbols, respectively. Linear fits for *h*00 and *h*1*l* reflections of MC~NC068~ at different times after structural peaks first appeared, *t* -- *t*~MC~: (a) 36 s, (b) 96 s, and (c) 384 s. Linear fits for *h*00 and *h*10 reflections of MC~NC091~ at *t* -- *t*~MC~: (d) 8 s, (e) 49 s, and (f) 145 s.](nn9b07820_0003){#fig3}

The WH plots of MC~NC091~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d--f) show that the separation of the *h*00 (100, 200) from the *h*10 peaks (110, 210) in the WH plot is observable already at the early growth stage ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). Due to the lack of well-pronounced higher-order diffraction peaks for the MC~NC091~ system ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e), the slopes and intercepts of the WH plots are only indicative; however, both the *h*00 and *h*10 peaks showed slopes close to zero, indicating that microstrain was insignificant during the initial stage of mesocrystal growth. Hence, the peak broadening is expected to be mainly caused by the formation of anisotropic mesocrystals. Isotropic strain was induced during the later stages of the growth process, as indicated by the higher but parallel slopes and decreasing intercepts of the WH plots ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e), whereas the difference of the slopes of the linear fits of the *h*00 and *h*10 peaks, as the mesocrystals continue to grow ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f), may indicate the presence of anisotropic strain during the final stage of mesocrystal growth.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that the time-dependent increase of the crystallite size, *D*, determined from the intercepts in the WH plots, corresponds well to the increasing fraction of crystalline phase during the MC~NC068~ mesocrystal growth stage, estimated from the normalized time-dependent peak area, *A*~100~. The mesocrystal growth stage, which is defined as the time from the first observation of the structural 100 peak until *A*~100~, shows no further increase (*t*~A~100,max~~ -- *t*~MC~) and lasted 66 s, and its duration is indicated by the red solid line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The probability for nucleation, *P*~N~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, purple line), which was estimated by fitting the temporal evolution of *A*~100~ with the Gualtieri equation ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, black line), peaks at around 25 s and covers a significant part of the mesocrystal growth stage of MC~NC068~. The volume-weighted domain size *D* increases constantly throughout the growth process ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), including the period before and after 25 s, where the nucleation probability is predicted to peak, which suggests that the growth of the already formed mesocrystals dominates over the formation of new, small mesocrystals.

![Temporal evolution of the size, lattice parameter, and strain of the growing mesocrystals MC~NC068~ and scanning electron microscopy images of the generated mesocrystals. (a) Gualtieri fit (black line) of the normalized peak area *A*~100~ (blue squares) and the resulting probability for nucleation *P*~N~ (light purple line, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}). The crystallite size, *D*, along ⟨100⟩ (dark purple circles) and ⟨*h*1*l*⟩ (open orange circles) was obtained from the intercepts of the linear fits in the WH plots. (b) NC separation distance *d*~100~ (black triangles), calculated as *d*~100~ = 2π/*q*~C~, and microstrain ε along ⟨100⟩ (dark purple diamonds) and ⟨*h*1*l*⟩ (open orange diamonds) obtained from the slopes of the linear fits in the WH plots. The end of the mesocrystal growth stage (red solid lines) and the end of lattice contraction (red dashed line) are marked in both (a) and b). (c) Scanning electron micrograph of the resulting mesocrystals. Spherical, partly hollow mesocrystals were produced, as observed from the cross section of a spherical mesocrystal. (d) Magnified image displays well-ordered NCs in the mesocrystal, as indicated by the fast Fourier transform (inset) but contains a large number of vacancies.](nn9b07820_0004){#fig4}

The microstrain ε ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), obtained from the WH analysis, of MC~NC068~ increased but remained isotropic during the mesocrystal growth stage. The crystallite size along ⟨100⟩ and ⟨*h*1*l*⟩ were similar throughout the postgrowth stage, indicating that the mesocrystallites were isotropic, which was corroborated by scanning electron microscopy (SEM) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), showing that the MC~NC068~ mesocrystals were spherical and displayed a high degree of order ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, inset); however, the mesocrystal also contains a large number of vacancies, as seen from the cross section ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).

The microstrain ε along ⟨100⟩ decreased much more than along ⟨*h*1*l*⟩ during the postgrowth phase, which shows that the relaxation of the strain was anisotropic ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The NC separation distance *d*~100~ (*i.e.*, the lattice constant; calculated by *d*~100~ = 2π/*q*~C,100~, with *q*~C,100~ being the 100 peak position) in the mesocrystal attained its maximum value at the beginning of the mesocrystal growth stage and then decreased as the mesocrystals grew. The lattice parameter for the mesocrystals continued to contract after the mesocrystal growth stage has ended ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The contraction of the MC~NC068~ mesocrystals reached a steady state with unchanged *d*~100~, ε, and *D* about 225 s after the structural 100 peak was first observed, as indicated by the red dashed line in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b.

The temporal evolution of the size, lattice parameter, and strain of the growing mesocrystals MC~NC091~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b) differed significantly from the growth and subsequent contraction of the mesocrystals assembled from smaller nanocubes, MC~NC068~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The mesocrystal growth stage is more than twice as long for MC~NC091~ (145 s) than for MC~NC068~ (66 s). The crystallite size *D* of MC~NC091~ differed significantly along ⟨100⟩ and ⟨*h*10⟩ at all times, which shows that the mesocrystals are anisotropic throughout the mesocrystal growth and contraction stage. Indeed, SEM showed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)) that cuboidal mesocrystals were formed with dimensions in relatively good agreement with a *D* value along ⟨100⟩ of about 500 nm for the fully grown (and contracted) mesocrystals ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The mesocrystal displays, despite being well-ordered ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d, fast Fourier transform inset), many surface defects, such as vacancies, kinks, and steps.

![Temporal evolution of the size, lattice parameter, and strain of the growing mesocrystal MC~NC091~ and images of the generated mesocrystal. (a) Gualtieri fit (black line) of the normalized peak area *A*~100~ (blue squares) and the resulting probability for nucleation *P*~N~ (purple line, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}). The crystallite size *D* along ⟨100⟩ (purple circles) and ⟨*h*10⟩ (open orange circles) was obtained from the intercepts of the linear fits in the WH plots. (b) NC separation distance *d*~100~ (black triangles) and the microstrain ε along ⟨100⟩ (dark purple diamonds) and ⟨*h*10⟩ (open orange diamonds) obtained from the slopes of the linear fits in the WH plots. The end of the mesocrystal growth stage is indicated with a red solid line. (c) SEM micrograph depicts a cuboidal-shaped mesocrystal. (d) Magnified image of the mesocrystal surface displays a large number of defects. The fast Fourier transform (inset) shows a high degree of order of the nanocubes.](nn9b07820_0005){#fig5}

The nucleation period for MC~NC091~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, purple line) is of similar duration as the nucleation period for MC~NC068~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), and the probability for nucleation *P*~N~ reached its maximum after 24.7 and 20.0 s for MC~NC068~ and MC~NC091~, respectively, corresponding to nucleation rates *k*~N,MC~NC068~~ = 0.04 s^--1^ and *k*~N,MC~NC091~~ = 0.05 s^--1^. The crystal growth rates obtained from the Gualtieri fits were *k*~g,MC~NC068~~= 0.14 s^--1^ and *k*~g,MC~NC091~~ = 0.017 s^--1^. Hence, although the nucleation rates were similar for MC~NC068~ and MC~NC091~, the crystal growth rate for MC~NC068~ was an order of magnitude faster than that for MC~NC091~. The formation of the MC~NC091~ mesocrystals displays overlapping periods of nucleation and crystal growth only during the initial growth stage followed by a period of about 100 s of only crystal growth. The similar nucleation rates for MC~NC068~ and MC~NC091~ can be explained by the pre-existence of dense, but disordered, nanocube clusters prior to crystallization that rapidly transform into mesocrystals, which corroborates that the mesocrystals form by a two-step process.^[@ref34]^ The transition rate from disordered clusters to well-ordered mesocrystals is independent of the NC size as the nucleation rates for MC~NC068~ and MC~NC091~ show. The critical size, however, at which the transition takes place, cannot be easily extracted from the SAXS data. The large difference in crystal growth rate constants suggests that mesocrystal growth is diffusion-controlled and hence depends on the average size of the NCs and the NC number density in the dispersion.

The strain along ⟨*h*10⟩ and ⟨100⟩ was isotropic during the initial mesocrystal growth stage (first 60 s) and reached its maximum simultaneously with *D* at around 100 s. The strain decreased close to the end of the crystal growth stage and during the postgrowth stage, but the decrease was larger along ⟨100⟩ than ⟨*h*10⟩, resulting in the development of anisotropic strain ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The NC separation distance *d*~100~ within the MC~NC091~ mesocrystals decreased continuously from a value of 13.5 nm at the beginning of mesocrystal formation to 12.9 nm at the end of the measurement when MC~NC091~ reached its steady-state, consolidated structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The lattice contraction, *i.e.*, the shrinkage of the unit cell, is related to the expulsion of solvent associated with the oleic acid capping molecules. The lattice contraction during the rapid incorporation of new NCs into the crystal lattice of the growing mesocrystals probably depends on the distance from the core, with the NCs that assemble at the surface of the growing mesocrystal having more solvent associated with the capping layer compared to the NCs in the core of the mesocrystal. The decrease of the crystallite size *D* of both MC~NC068~ and MC~NC091~ ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [5](#fig5){ref-type="fig"}a) shows that the mesocrystals shrink during the postgrowth stage.

The analysis of the time-resolved SAXS data has shown that the emergence and relaxation of isotropic and anisotropic strain in the mesocrystals depend on the size and polydispersity of the assembling nanocubes and the "age" of the growing and contracting mesocrystals. The isotropic strain in the mesocrystals is related to a nonuniform lattice contraction ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The relaxation of the strain during the postgrowth stage indicates that the lattice spacing throughout the mesocrystal becomes more uniform as the solvent expulsion stage reaches completion. Size mismatches in the mesocrystal due to the occurrence of smaller or larger NCs could also result in strained areas in the mesocrystal ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The lower polydispersity of the smaller nanocubes NC068 results indeed in lower strain values for NC068 compared to those for NC091 ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [5](#fig5){ref-type="fig"}b).

![Schematic representation of growth-induced strain and stress-induced dislocations in mesocrystals. (a) Schematic illustration of a growing mesocrystal. The lattice spacing *d*~100~ is smaller in the center compared to the perimeter of the mesocrystal, indicated by the red-pink color scale, as the solvent is entirely expulsed from the center but still surrounds NCs closer to the perimeter of the mesocrystal, indicated by the differently blue-shaded areas. The incorporation of NCs with slightly different sizes can result in strained areas in the mesocrystal (purple cubes). (b) Shrinkage stress acting on the mesocrystals at the liquid--air interface; the red arrows indicate the direction of the stress. (c) TEM micrograph of a thin slice obtained from MC~NC091~ showing an edge dislocation with a ⟨100⟩ Burgers vector. (d) Illustration of a slip plane (red plane) as well as shear forces (red arrows) that result in the formation of edge dislocations in mesocrystals (left). The resulting edge dislocation (right) has a Burgers vector . (e) Illustration of slip plane (yellow) and shear forces (yellow arrows) that induce the formation of a screw dislocations (left). The resulting screw dislocation (right) has a Burgers vector .](nn9b07820_0006){#fig6}

The transition from isotropic to anisotropic strain occurred during the late stages of the mesocrystal growth or during the postgrowth stage for both MC~NC068~ and MC~NC091~. Anisotropic strain is related to the formation of defects.^[@ref39]^ Many studies on metals and colloidal crystals have shown that dislocations can be induced by stress. For instance, Suresh *et al.* showed that the stress needed to induce a dislocation in thin copper and aluminum films correlates with the mechanical properties, in particular, the shear strength of the different metals.^[@ref40],[@ref41]^ Schall *et al.* showed that the nucleation of a stress-induced dislocation in an initially defect-free colloidal crystal causes a strain relief.^[@ref16],[@ref17]^

Inhomogeneous lattice contraction and size mismatch that are the major sources of isotropic strain ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) can nucleate dislocations to relieve the generated internal stress. Previous studies on growing nanoparticles have shown that the large stresses that are generated due to variations of interatomic distances can result in the formation of dislocations at a critical nanoparticle size.^[@ref42],[@ref43]^ The internal stress needed for a dislocation to form can be estimated from σ~I~ = *Y*ε, where the Young's modulus *Y* of the mesocrystals can be approximated to the previously measured value of gold superlattices of 1 GPa.^[@ref44]^ The point where the strain becomes anisotropic ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [5](#fig5){ref-type="fig"}b), which is caused by the formation of dislocations, relates to a stress σ~I~ of about 5 MPa for both MC~NC068~ and MC~NC091~. External stresses in a drying dispersion droplet that are caused by the increasing curvature and the surface tension of the liquid were found to result in cracking and wrinkling effects in colloidal crystals,^[@ref45]^ which suggests that such drying stresses can be transferred to the mesocrystals located close to or attached to the liquid--air interface. The decrease of the scattering invariant *Q*\* during the mesocrystal growth stage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) indicates that a large fraction of the formed mesocrystals accumulated at the interface and are therefore expected to be affected by the shrinkage stress ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).

The shrinkage stress σ~S~ can be estimated using the Laplace equation:with γ being the surface tension of the liquid and *r* being the radius of the droplet. The shrinkage stress acting on the mesocrystals at the interface at the time when anisotropic strain was observed (when only decane remains; γ = 24 mN m^--1^) is estimated to range between 200 and 300 Pa for MC~NC068~ and MC~NC091~, which is several orders of magnitude smaller than the internal stresses needed to form a dislocation.

The presence of different defects in the mesocrystals was confirmed by *ex situ* microscopy. SEM images of the surface of mesocrystals displayed a large number of steps, kinks, and vacancies ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). Edge dislocations could be observed by *ex situ* TEM in a thin slice prepared by focused ion beam (FIB) from the inside of a single mesocrystal MC~NC091~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). Selected area electron diffraction patterns of a defect-free region ([Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)) and a region containing a dislocation ([Figure S5b](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)) show, in both cases, alignment of the nanocubes with respect to their atomic lattices, which suggests that the alignment was not perturbed by the presence of a dislocation. In SC crystals, the edge and screw dislocations that are most likely to occur have a Burgers vector ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d,e). The energy per unit length of a dislocation *E*~L~ of an edge or screw dislocation can be approximated withwhere the energy is proportional to the shear modulus *G* of the mesocrystals, the square of the length of the Burgers vector *b*, which is equal to the lattice parameter of the unit cell *d*~100~, and the length of the dislocation line *L*. Liu *et al.* used molecular dynamics simulations and showed that the shear modulus of gold nanoparticle superlattices is around 100 MPa and depends on the length of the capping agent and its capability to deform under shear stress but not on the size of the nanoparticle.^[@ref44]^ As both NC068 and NC091 are capped with oleic acid, we do not expect large differences between the shear moduli of MC~NC068~ and MC~NC091~. The larger Burgers vector in MC~NC091~ compared to that in MC~NC068~ can be compensated by the smaller mesocrystal sizes of MC~NC091~ compared to MC~NC068~ and hence the maximum length of a dislocation line and its energy. Thus, it is reasonable to expect that the energy necessary to induce a dislocation is similar for MC~NC068~ and MC~NC091~. Estimates of critical shear stresses yield values around *G*/30, which correspond well with experimental values for dislocation-free crystals.^[@ref46]^ Shear moduli for MC~NC068~ and MC~NC091~ assumed to be about 100 MPa^[@ref44]^ result in estimates of critical shear stresses of about 3 MPa, which corresponds well with the previous estimates based on the Young's modulus. Hence, our estimates of the critical stress to form a dislocation and the shear stress indicate that the relatively low critical shrinkage stress of a few hundred Pa is not sufficient to induce dislocations, and that the main source of dislocations is most likely the internal stress generated by superlattice contraction and NC size mismatch. Because the critical stress ultimately depends on the intrinsic shear modulus of the mesocrystal, increasing the shear modulus by decreasing the length of the capping agent and thus its ability to deform under shear stress could increase the critical shear stress. Minimizing the occurrence of size mismatches by minimizing the polydispersity of the nanoparticles could allow for growth of mesocrystals with less defects.

Ungár and co-workers developed a modified WH model that can be used to extract information on the crystal size and dislocation density.^[@ref47]−[@ref50]^ By using Ungár's dislocation-modified function to describe the peak widths for the mesocrystals, we additionally verified the presence of dislocations in the mesocrystals ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf) Method 1 and Figure S6). The modified WH model takes into account the average contrast factor *C̅* of the dislocations, which depends on the elastic constants of the crystal, in particular, the Zener anisotropy ratio, , where *c*~11~, *c*~12~, and *c*~44~ are the elastic constants of a cubic crystal. The ratio *A*~Z~ indicates whether a material has isotropic (*A*~Z~ = 1) or anisotropic (*A*~Z~ ≠ 1) elastic properties. It has been shown that the most compliant crystal direction displays the largest peak strain broadening and *vice versa*, and that peak strain broadening of cubic crystals is maximal for either the ⟨100⟩ (*A*~Z~ \> 1) or the ⟨111⟩ (*A*~Z~ \< 1) direction.^[@ref51]^ The WH plots ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) show that the *h*00 peaks display the lowest strain broadening ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which suggests that the ⟨100⟩ direction is the stiffest for both MC~NC068~ and MC~NC091~. These results can be understood when considering the surfactant's ability to deform under stress in these specific directions. Whereas uniaxial stress in the ⟨100⟩ direction results in interdigitation of the oleic acid chains ([Figure S7a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)), stress in the ⟨111⟩ direction causes partly a shear deformation of the surfactants ([Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)). The difference in stiffness in these specific directions can thus be compared to the difference of the Young's and the shear modulus of nanoparticle superlattices, where the Young's modulus is expected to be 1 order of magnitude larger than the shear modulus and can be significantly increased by surfactant interdigitation.^[@ref44]^

Conclusions {#sec3}
===========

An acoustic levitation device in combination with time-resolved SAXS was used to probe self-assembly of oleate-capped iron oxide NCs in a levitating drop. By fitting the Gualtieri equation to the increase of a crystalline phase during the main growth stage, we have shown that nanocube self-assembly is mainly diffusion-controlled. The size mismatch due to the polydispersity of the NCs and the superlattice contraction was related to the increasing isotropic strain during the mesocrystal growth stage. The occurrence of a strain anisotropy that increased with time at the end of the mesocrystal growth or in the postgrowth stage was related to the formation of dislocations, which was confirmed by *ex situ* microscopy. Estimates of the magnitude of internal and external stresses showed that the internal stresses created by the inhomogeneous superlattice contraction and size mismatches are probably responsible for the formation of dislocations that result in the development of an anisotropic strain. By considering the dependence of peak strain broadening on the average contrast factor of the dislocations and the Zener anisotropy ratio, we showed that the most compliant mesocrystal direction is the ⟨111⟩ direction. The study shows that, in originally dislocation-free mesocrystals, the nucleation of dislocations, which affect the mechanical and physical properties of the mesocrystals, ultimately depends on the internal strain and stresses created during the growth stage. Our study suggests that the density of dislocations could be reduced by using shorter capping agents to increase the shear modulus of the mesocrystal.

Methods {#sec4}
=======

Nanocube Synthesis and Dispersion Preparation {#sec4.1}
---------------------------------------------

The detailed preparation of iron oxide NCs capped by oleic acid (OA) was described previously.^[@ref1]^ In brief, Fe~3~O~4~ NCs with edge lengths of 6.8 ± 0.3 nm (NC068) and 9.1 ± 0.4 nm (NC091) were synthesized by dissolving 10 mmol of an iron oleate precursor in 50 mL of a 1-octadecene (90%, Sigma-Aldrich)/1-hexadecene (99%, TCI) mixture (3:2 for NC068 and 9:1 for NC091), then adding 5 mmol sodium oleate (97%, TCI) and oleic acid (99% TCI). The mixture was degassed for 30 min at 140 °C and then heated at 3 °C min^--1^ and refluxed at 308 °C for 25 min and 316 °C for 30 min for the synthesis of NC068 and NC091, respectively. After reflux, the mixture was cooled to room temperature. The mother liquor was washed with a toluene/ethanol mixture and centrifuged several times to remove excess organics. The purified dispersion was dried under vacuum to yield a paste with an iron oxide content of 48 wt % for NC068 and 41 wt % NC091.

For the time-resolved self-assembly experiments, 6.22 mg (NC068) and 7.29 mg (NC091) of the NC pastes were redispersed in 0.75 mL of toluene and 0.25 mL of decane to obtain dispersions with a concentration of 3 mg~iron oxide~ mL^--1^. Small amounts of oleic acid were added to the dispersions (0.2 mg~OA~ mg~paste~^--1^ for NC068; 0.05 mg~OA~ mg~paste~^--1^ for NC091), and the dispersions were then sonicated for 30 min.

Time-Resolved Scattering and Video Microscopy {#sec4.2}
---------------------------------------------

Time-resolved small- and wide-angle X-ray scattering (SAXS/WAXS) experiments were carried out at the ID02 beamline at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The data were recorded by two CCD detectors, Rayonix MX-170HS and Rayonix LX-170HS, with covering ranges of 0.035 \< *q* \< 3.74 nm^--1^ and 11.42 \< *q* \< 50.44 nm^--1^, respectively. The time-resolved data were acquired with an exposure time of 30 ms per frame, resulting in a time resolution of 2 s. The data were automatically reduced after exposure by an online data reduction routine included in the SPEC acquisition program. The dispersion droplet was irradiated by a rectangular beam with a spot size of 76 × 290 μm^2^ and a wavelength λ = 1 Å.

We fitted a cubic form factor to the 1D small-angle scattering profile of the initial dispersion in SASView 4.1.2 to obtain a size distribution of the dispersed nanocrystals ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf)). The polydispersity was fitted by a Gaussian distribution function. Fitting the cubic form factor resulted in an average edge length of 6.8 ± 0.3 and 9.1 ± 0.5 nm for NC068 and NC091, respectively.

The colloidal droplet was injected into an acoustic levitator (model 13K11, tec5, Oberursel, Germany), and the shrinking droplet was recorded with a microscope camera. The recorded video was decomposed into image frames using the program VirtualDub 1.10.4. The image frames were processed using ImageJ,^[@ref52]^ and the time-dependent volume of the oblate ellipsoidal drop was estimated using , with *a* being the horizontal and *c* being the vertical radius of the shrinking droplet. The time-dependent volume fraction of the iron oxide core was calculated with , where *c*~IO,t~ and ρ~IO~ = 5.15 g cm^--3^ are the time-dependent concentration of the inorganic iron oxide core and the density of magnetite, respectively, and *V*~0~ is the initial droplet volume. We calculated the volume fraction of the NCs ϕ~NC,t~ by assuming a 2 nm wide oleic acid layer on each NC facet.

Scanning Electron Microscopy {#sec4.3}
----------------------------

SEM micrographs were recorded using a JEOL JSM-7000F (JEOL, Japan; *U*~acc~ = 15 kV, WD = 10 mm) equipped with a Schottky-type field emission gun (FEG). Prior to SEM imaging, the organic residues were removed by heating the sample under an argon atmosphere in a tube furnace at 2 °C min^--1^ to 500 °C and holding at that temperature for 2 h.

Transmission Electron Microscopy {#sec4.4}
--------------------------------

TEM images were recorded using a JEOL JEM-2100F (JEOL, Japan) equipped with a Schottky-type FEG (point resolution: 0.19 nm, spherical aberration *C*~s~ = 0.5 mm) operated at an accelerating voltage of 200 kV. Selected area electron diffraction patterns were recorded on a Themis Z (Thermo Fischer Scientific, USA) equipped with a Schottky-type FEG (point resolution: 0.06 nm).

Focused Ion Beam {#sec4.5}
----------------

A thin slice from a single mesocrystal was obtained by an FEI Nova NanoLab 600 (FEI Company, USA) at 30 kV and 30 pA using Ga ions. Prior to FIB milling, Pt was deposited on the mesocrystal. The mesocrystal slice was subsequently removed from a silicon substrate and transferred to a TEM sample holder (Omniprobe, USA) using a nanomanipulator (Omniprobe, USA).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.9b07820](https://pubs.acs.org/doi/10.1021/acsnano.9b07820?goto=supporting-info).Further experimental and theoretical details, including WAXS data, cubic form factor fitted SAXS curves, the average center-to-center distances, a size histogram of MC~NC091~, peak broadening analyzed with the modified WH method, and a schematic illustration for direction-dependent mechanical properties in simple cubic mesocrystals ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07820/suppl_file/nn9b07820_si_001.pdf))
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